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The molecular weight of the highly substituted GAX I was approxhiately 21 kio s as determind by the ratio of reducing sugar to total sugar, but ult trgation studies and gel chromatogrphy on Sepharose 4B-200 indicated that GAX I formed larger aggregates of primarl 50 to 90 kilodaltons, whas most of the GAX II ad vitay all of the MG-GAX materils were exchlded by Sepharose 4B; exclusion from the Sepharose was correlated with the presence of mixed-linked gluca Only GAX H and
MG-GAX material d trated ny appredable binding to celukose in vitro
Inasmuch as expansion of plant cells depends on changes in the mechanical structure of the primary walls, considerable effort has been directed toward understanding the biochemical and physical structure of the carbohydrate and protein constituents of the primary walls. Phytohormones such as auxin may induce changes in the chemical nature, and consequently, in the physical properties of the wall polymers to such extent that the rate of wall expansion is increased (12) . Grass coleoptiles are important model systems for studies of both the mechanism of wall expansion and the chemical structure of the primary wall. Compared to dicots, the primary walls of Graminaceous species are low in pectic substances and protein (13) . The and methods of extraction and quantitation (9, 10, 14, 23, 39, 40) ; (b) (1-4)-f8-D-xylans substituted with single arabinosyl, glucuronosyl, and 4-0-methyl-D-glucuronosyl side-groups (2, 3, 5, 16, 17, 29, 38) ; and (c) xyloglucan polymers resembling those predomi- nating in most dicotyledonous species investigated (23) . Complete secondary and tertiary structures of GAX2 are not resolved. Sidegroup composition and degree ofsubstitution varies greatly among species, among tissues of the same species, and probably within the primary wail of any one cell (6, 25, 26, 30, 31, (39) (40) (41) . In addition, the physical properties of GAX polymers differ inasmuch as GAX isolated from oat coleoptiles does not bind to cellulose in vitro (23) , but GAX isolated from corn coleoptiles does bind under similar conditions (14) .
GAX also displays variability in mol wt and side-chain composition during tissue development (9, 25, 30, 31) . Growth of coleoptile cells enhanced by auxin correlates with a net decrease in glucan in the walls when exogenous sugar is not supplied (24, 32) ; turnover (release) of GAX in minced sections of maize coleoptiles is also observed during growth (14) . Thus, both polymers may participate in wall loosening activities.
Dilute alkali releases a novel GAX from walls of growing coleoptiles. This report examines the fundamental composition of this polymer, and compares its composition and some of its physical properties to those of other xylans. Bear 38) were obtained from Customaize Research, Decatur, IL, and germinated in darkness at 27°C as described previously (11 Cellulose-Binding Properties of GAX and Mixed-Linked Glucans. To determine capacity for binding, 2 mg of radioactive MG-GAX were suspended under N2 in 4.0 ml of ice-cold 2.0 N KOH containing 3 mg/ml NaBH4 and 5 to 600 mg of cellulose powder (Cellex-N-l; Bio-Rad). The mixture was stirred vigorously for 2.5 h. To differentiate between cellulose binding and mere precipitation, MG-GAX was mixed with about 20 mg ofsilanized (Supelco) 50-pm glass beads instead of cellulose. Acetic acid (2.0 N) was added slowly (to minimize decomposition of the NaBH4) in 0.5 ml batches every 20 min until a total of 4.5 ml was added. The mixture was stirred an additional 30 min and dialyzed for 18 h against running deionized H20. Cellulose and bound polymers were collected by centrifugation at 12,000g for 5 min. The supernatant was collected to analyze unbound polymers; the pellet was washed with 10 ml of deionized H20 and assayed by radioactivity.
MATERIALS AND METHODS
To determine relative binding of hemicellulosic fractions, 32.5 to 50 mg of lyophilized Zea coleoptile cellulose remaining after 4 N KOH extraction together with 6.5 to 10 mg of radioactive GAX I, GAX II, or MG-GAX were suspended under N2 in 4.0 ml of ice-cold 2.0 N KOH containing 3 mg/ml NaBH4 and prepared as before. The ratio of hemicellulose:cellulose was always 1:5. After the H20 wash, the pellet was subjected to the alkali-gradient extraction in 10-ml KOH solutions (containing 3 mg/ml NaBH4) as described earlier. Supernatant liquids were neutralized with glacial acetic acid, and samples were taken for carbohydrate analysis and radioactivity. To insure that borate was removed, some polymers were dialyzed against 10% ethylene glycol for 8 h prior to dialysis for 18 h against deionized H20. Cellulose binding was tested as before except that NaBH4 was not added to the KOH solution.
Assay of Radioactivity. Aqueous samples and dry wall materials were suspended in 20 ml of ACS (Amersham) and paper chromatography strips were suspended in 20 ml of OCS (Amersham). Samples were assayed by liquid scintillation spectroscopy with a Beckman LS-100 spectrometer. Counting efficiencies were between 87 and 94%.
RESULTS
Composition of the Zea Coleoptle Wails. After purification of wall material by washes in 0.5 M K-phosphate, chloroform: methanol, and acetone, the DMSO removed an additional 8% of the mass of the wall (Table I ). This material was enriched in neutral sugar, over 80%o of which was glucose, and contained predominantly 4-linked and 4,6-linked hexosyl residues as determined by analysis of partially methylated alditol acetates (data not shown). Ammonium oxalate extractions yielded about 15% additional material rich in uronic acid, neutral sugar, and protein ( Separation of Hemicellulosic Substances. Three major fractions of hemicellulosic polymers were isolated from walls of Zea coleoptiles regardless of the homogenization technique (Fig. 1) . A (Fig. 1) . Over 98% of the material extracted by dilute alkali was composed of arabinose, xylose, and galactose and was given the trivial name 'GAX I' (Fig.  2a) . A second fraction extracted by more concentrated KOH was also rich in arabinose, xylose, and galactose, but also contained 20 to 30o glucose; this fraction was called 'GAX II' (Fig. 2a) . The 2.0 and 3.0 N KOH removed about 50%1o of the total hemicellulosic material, a little over 60o of which was glucose. This fraction was called 'MG-GAX' to denote a mixture of both mixed-linked glucan and glucuronoarabinoxylan (Fig. 2a) .
GAX I contained nearly equal or greater amounts of arabinose than xylose and about 10%o galactose; GAX II was of similar neutral sugar composition, but the content of arabinose was only about 75 to 80%o that of xylose (Fig. 2b) . The MG-GAX fraction contained xylose, arabinose, and galactose in a ratio of 5:3:2. Uronic acid was found in all fractions and comprised 10 to 20o of total sugar extracted from the wall material (Fig. 2b) .
Linkage Analyses of the Hemicellulosic Fractions. Over 90%Yo of the linkages in GAX I were comprised of terminal arabinosyl, 4- linked xylosyl, and 3,4-linked xylosyl units (Table II) . Small amounts of t-and 4-linked galactosyL 2-, 3-, 5-, and 3,5-linked arabinosyl, and t-glucosyl residues were also identified. The degree Figure 2a were methylated according to Hakomori as described in Sandford and Conrad (33) except that K-dimethylsulfmyl anion was used, and reduction and acetylation were according to Blakeney et al. (7) . Derivatives were separated in a 0.2-mm x 30-m SP-2330 vitreous silica WCOT capillary column (Supelco) in a temperature gradient of 1700C to 2400C at 2°C/min. The split ratio was 50:1 with a helium carrier flow of 1.5 ml/min. Derivatives were identified by relative retention time and electron impact MS, and quantified from total ion counts corrected to mol % by the effective carbon response calculated by Sweet et aL (35 of substitution of the xylan estimated by the ratio of branched (3,4-linked) to unbranched (4-linked) xylose was about 5.7:1 (Fig.   3 ). The GAX II fraction was similar in composition to GAX I except that (a) the degree of xylan substitution was only about 1.5:1 and (b) mixed-linked glucan appeared in the extracts with a ratio of 4-linked to 3-linked glucosyl derivatives of about 3:1 (Table II) . Consistent with the loss of xylan substitutions was a decrease in the proportion of arabinose to xylose in both the GAX II and MG-GAX fractions (Fig. 2b) . The MG-GAX fraction was similar in composition to the GAX II fraction except that (a) the mixed-linked glucan now comprised over 60% of the polymers and (b) terminal xylosyl and 4,6-linked glucosyl groups were also found in the extracts (Table II) . Arabinofuranosyl (Table II) , and the proportion of "4C-sugar alcohol to 1"Csugar after reduction and hydrolysis of radioactive GAX I (data not shown).
A sedimentation coefficient of 1.89 x l0-'3 s and a diffusivity of 2.15 x 10-7 cm2/s obtained by ultracentrifugation studies indicated that larger aggregates were present. Consistent with the ultracentrifugation experiments, gel chromatography on Sepharose 4B-200 indicated that the GAX I consisted of aggregates of mostly 50 to 90 kD based on the mol wt of dextran standards (Fig. 4a) . By comparison, much of the GAX II and virtually all of the MG-GAX materials were excluded by Sepharose 4B indicating mol wt of 500 kD or larger (Fig. 4, b and c) .
GAX I included by Sepharose was fairly homogeneous, but GAX II consisted of xylans with nearly equal amounts of arabinose and xylose that were excluded by Sepharose and xylans with much less arabinose that were included by the Sepharose (Fig. 4 , a and b; Table III) .
Polymers of MG-GAX excluded by Sepharose were mostly glucan. In xylans excluded by Sepharose, amounts of arabinose were only about 70%o those of xylose, whereas xylans included by Sepharose were comprised of nearly equal amounts of arabinose and xylose ( Fig. 4c ; Table III ). Exclusion of polymers of GAX II and MG-GAX fractions was correlated with the presence of mixed-linked glucan (Fig. 4, b and c cellulose, a large amount of which required 1.0 to 2.0 N KOH to remove it from cellulose (Fig. 5c ).
DISCUSSION
Alkali gradient extraction of hemicellulosic substances from purified walls of Zea coleoptiles yielded three distinct fractions of xylans. GAX I released by dilute alkali was highly substituted; nearly six of every seven xylosyl residues served as a branch point (Fig. 3) . About 20% of the hemicellulosic material comprised this fraction.
In material released by more concentrated alkali, only 50 to 65% of the xylosyl residues were substituted (Fig. 3) . Alkali degradation of polysaccharides requires O2(37); degradation proceeds by oxidation and elimination primarily from the reducing end, but degradation also can include elimination of the terminal arabinosyl side chains of xylans (4, 37) . Degradation is inhibited greatly by reducing the terminal sugar with borohydride and insuring that the mixture is under a N2 atmosphere (5). Consistent with this stability, treatment of the highly substituted GAX I with 1.0 N KOH for nearly 3 h did not result in substantial change in the degree of xylan substitution (data not shown). Thus, differentiation of GAX I and II by the alkali gradient was not likely an artifact from alkali degradation but was the separation of two distinct xylan fractions. Loss of substitution is correlated with a more tenacious binding of these polymers to cellulose or other polymers perhaps because longer stretches of unbranched xylan were available to hydrogen bond to the insoluble matrix. Another possibility is that hydrolysis of alkali labile linkages, such as ester linkages, might free GAX I polymers that alone display little capacity for hydrogen bonding. Mares and Stone (25) have suggested that GAX isolated from barley endosperm primary walls was a result of the hydrolysis from ferulic acid-like material; Kato and Nevins (20) recently reported that enzymic cleavage of GAX from walls of corn seedlings might be a result of similar linkages. The results presented here are supportive, in that, once extracted from the cell wall, a fraction of GAX did not bind to cellulose in vitro regardless of how much cellulose was added to the mixture.
Except for the degree of substitution, GAX I and II are similar to xylans isolated from a variety of Graminaceous species already cited. GAX I has a large amount of terminal arabinosyl (Fig. 3a) ; the presence of 2-, 3-, 5-, and 3,5-arabinosyl, and t-and 4-galactosyl residues in substantial amounts indicates other potential side-groups reported previously for xylans (13, 23, 40) . About 10 to 20% of the xylan is substituted with uronic acid (Fig. 2b ) consistent with findings of glucuronic and 4-0-methyl-D-glucuronic acid (29) . The amounts of galactose correlated with the amounts of xylose in all GAX fractions, indicating that little difference existed with respect to this substitution (Fig. 2b) ; most of the galactosyl resides were t-and 4-inked, although a trace of 3-galactosyl groups were also observed (Table II) . Terminal arabinosyl groups are the major side-chain components. Although GAX I has more arabinose than xylose (Fig. 2b) , and terminal arabinosyl units comprised 94% of the partially methylated arabinosyl derivatives recovered; the major side-chain linkage of the highly substituted GAX I is undoubtedly a single arabinosyl group.
The GAX II, and to a greater extent the MG-GAX fraction, contained most of the mixed-linked glucan. The 4-and 3-linked glucosyl residues were in a ratio of nearly 3:1 for the glucan in GAX II and 4:1 for that in MG-GAX (Table II) The GAX I and II also had distinct physical properties. Much of GAX I was included by Sepharose 4B, whereas a larger proportion of GAX II was excluded by Sepharose (Fig. 4, a and  b) . Relative exclusion of hemicellulosic polymers by Sepharose 4B correlated both with the presence of glucan (Table III) and with the ability of the polymers to bind cellulose in vitro (Fig. 5, a-c) .
A GAX isolated from Zea coleoptiles bound to cellulose in vitro (14) , whereas one from A vena coleoptiles did not (23) ; differences between GAX I and II with respect to gel chromatography (Fig.  4 , a and b) and cellulose binding (Fig. 5, a and b ) may explain these contradictory results.
The existence of GAX I in walls of Gramineae appears to be novel. In previous studies, total GAX extracted with concentrated KOH from tissue with mostly primary wall had degrees of branching similar to GAX II and MG-GAX (14, 23) ; inasmuch as the proportion of uronic acid residues in all of the xylans are similar, it is unlikely that GAX I was resolved from other xylan material by ion-exchange chromatographic or electrophoretic techniques employed by other investigators. The GAX extracted from mature tissues has little branching and may represent synthesis of additional unbranched xylan, that is deposited during secondary wall formation (6, 31, 38, 40) .
In some previous studies, pectic material was removed by hot 0.05 N H2SO4 (28); such treatment would surely hydrolyze a portion of arabinosyl side groups. Even though acidified sodium chlorite used to remove lignin does not substantially alter recoveries of hemicellulose (9) , such treatment might also result in loss of some arabinofuranosyl linkages.
The physiological significance of GAX I and GAX II is unknown. Although some of the cell wall mass of coleoptiles accumulates during seed maturation, GAX I, II, and MG-GAX are each synthesized in growing coleoptiles because radioactivity from ['4Clglucose accumulates in all fractions during continuous labeling experiments (11; Fig. 1 ). The amount of GAX II synthesized was slightly more than predicted based on total sugar released from the wall (Fig. 1) . The relationship between GAX I and II is unclear; they could represent polymers either synthesized by independent enzymic systems or GAX II might result simply from hydrolysis of side-chains of GAX I in situ. Consistent with the latter possibility, Huber and Nevins (18) have evidence for the autolytic release of some arabinose from Zea coleoptile wall preparations, and Darvill et al. (14) also showed that radioactive terminal arabinosyl, 4-linked xylosyl, and 3,4-linked xylosyl residues demonstrate turnover (release) from minced coleoptile walls.
The relationship of GAX and mixed-linked glucan is equally unclear. The 2.0 N KOH released large amounts of both polymers indicating that either covalent linkages existed between some of the tightly hydrogen-bonded glucan and GAX or some GAX was entrapped by the glucan. Labavitch and Ray (23) isolated a xyloglucan-like polymer that would explain the appearance of both the t-xylosyl and the 4,6-linked glucosyl residues, but there is more 4,6-glucosyl and 3,4-xylosyl than can be accounted for by t-xylosyl and t-arabinosyl, respectively (Table II) . Thus, some GAX might be linked covalently to mixed-linked glucan.
Pertinent to a discussion of the significance of the GAX I and II fractions, we found that IAA enhanced the uptake and incor-poration of exogenous ["4Clarabinose into coleoptile sections (1 1); IAA induced a 26% increase in radioactivity accumulating in hemicellulosic material extracted by 0.1 N KOH (primarily GAX I) compared to only a 10% increase in radioactivity accumulating in GAX II and MG-GAX. The nature of this auxin-induced change in arabinose metabolism with respect to specific changes in the distribution of GAX I, II, and MG-GAX polymers is presently being investigated.
